Effect of chemical substitution at the para-position of the thiophenoxyl radical has been theoretically investigated in terms of energetics, structures, charge densities and orbital shapes for the ground and first electronically excited states. It is found that the adiabatic energy gap increases when CH 3 or F is substituted at the para-position. This change is attributed to the stabilization of the ground state of thiophenoxyl radical through the electron-donating effect of F or CH 3 group as the charge or spin of the singly-occupied molecular orbital is delocalized over the entire molecule especially in the ground state whereas in the excited state it is rather localized on sulfur and little affected by chemical substitutions. Quantitative comparison of predictions based on four different quantum-mechanical calculation methods is presented.
Introduction
Recent studies on the πσ* mediated photodissociation dynamics have revealed many interesting facets of multidimensional conical intersection seam through which nonadiabatic transitions become facilitated effectively. The first electronically excited state corresponding to the ππ* transition is bound in nature whereas an upper-lying πσ* state is repulsive along a specific chemical bond. In this way, potential energy surfaces of the excited states are forced to be crossed at particular nuclear configurations, generating a multi-dimensional conical intersection seam along the photodissociation reaction pathway. This type of excited state dynamics is frequently met in a number of photochemical pathways as π conjugated systems coupled with a heteroatom such as oxygen, nitrogen, or sulfur are quite ubiquitous in many fields of chemistry and biology. These include phenol, [1] [2] [3] anisole, 4,5 aniline, 6,7 pyrrole, 8-10 thiophenol, 2, [11] [12] [13] and thioanisole, 14 giving rise to H or CH 3 fragment upon UV excitation as the X-H(CH 3 ) bond dissociation takes place (X = O, N, or S) along the repulsive πσ* state. Bond dissociation dynamics is very sensitive to the electronic/nuclear coupling mechanism at nuclear configurations constructing the reaction coordinate, and thus chemical substitutions on the aromatic ring moiety could induce significant effects on the whole chemical reaction dynamics as the π conjugation of the aromatic ring moiety which may be sensitive to the chemical substitution should modify potential energy surfaces in terms of energetics and morphology.
In this respect, we studied here chemical substitution effect on the thiophenoxyl radical in the ground and first electronically excited states. From the recent photodissociation dynamics studies on thiophenols 2,11-13 and thioanisoles, 14 it has been found that the thiophenoxyl radical is produced either in the ground state, C 6 H 5 S· ( ), or in the first electronically excited state, C 6 H 5 S· ( ). Relative yields of two competing reaction channels are governed by the nonadiabatic transition probability of the reactive flux at the conical intersection seam. Experimentally, using velocitymap ion imaging or Rydberg-tag technique, one could precisely estimate the branching ratio between these two channels as the small but distinct energy gap between C 6 H 5 S· ( ) and C 6 H 5 S· ( ) allows separation of two adiabatic channels in the total translational distribution of products. The adiabatic energy gap between C 6 H 5 S· ( ) and C 6 H 5 S· ( ) was precisely measured to be 0.3719 eV by the Neumark group, 15 and this is quite consistent with theoretical predictions calculated by Lee et al. some time ago.
16 The -energy gap of the thiophenoxyl radical is very small for the energy difference between two electronic states, which could be attributed to the poor conjugation of nonbonding orbital of sulfur (3p) with the π orbital (2p) of the benzene moiety.
17
Therefore, it is a natural question how the energy gap between p-Y-C 6 H 4 S· ( ) and p-Y-C 6 H 4 S· ( ) will be changed as the electron donating or withdrawing Y group is substituted instead of H. Though the substitution effect on the S-H bond dissociation energy of thiophenols had been previously studied, [18] [19] [20] [21] [22] [23] those studies were naturally focused only on the ground state of the thiophenoxyl radical.
Computational Detail
State-averaged complete active space self-consistent field (SA-CASSCF) and density functional theory (DFT) methods were employed for the calculation of the electronically excited states of thiophenoxyl radicals. In the SA-CASSCF, active space of 9 electrons distributed over 8 molecular 
Results and Discussion
Optimized geometry parameters of thiophenoxyl radicals in the ground and excited states, calculated by CASPT2 and DFT, are given in Table 1 for C 6 H 5 S·, p-F-C 6 H 4 S·, and p-CH 3 -C 6 H 4 S· with corresponding atomic labels depicted in Figure 1 . One of notable geometrical differences between ground and excited states of thiophenoxyl radicals is the C-S bond length change. For instance, the C-S bond length of C 6 H 5 S· is lengthened by 0.041 (0.040) Å in the excited state compared to that in the ground state according to CASPT2 (DFT). Lengthening of C-S bond upon (symmetry-forbidden) electronic excitation also applies to the case of p-F-C 6 H 4 S· and p-CH 3 -C 6 H 4 S·. Interestingly, the C-S bond length remains more or less same as F and CH 3 groups are parasubstituted in the excited state whereas it is slightly shortened in the ground state, Table 1 . This already suggests that π-conjugation of thiophenoxyl radicals in the excited state is somewhat different from that in the ground state. Other geometrical parameters are little sensitive to the para-substitution of F or CH 3 , indicating that electron donating effect of F or CH 3 group is not significant enough for inducing structural changes in both excited and ground states of thiophenoxyl radicals.
The most accurate value for the adiabatic -energy gap of C 6 H 5 S· is calculated to be 0.367 eV by CASPT2/augcc-pVTZ, which is in good agreement with the most recent experimental value of 0.3719 eV. 15 It should be noted that our theoretical result is slightly different from a previously reported value of 0.376 eV by Cheng et al., 16 and this seems to result from the use of two-state averaged reference function for the consideration of electron correlation in this work whereas the single state wave function was used in Ref. 16 . Ã X Table 1 . Calculated geometry parameters of and state of substituted thiophenoxyl radicals obtained at the level of CASPT2 and DFT. Units are angstroms for the bond length and degrees for the angle. See Figure 1 for the representative atom labels Vertical energy gap is calculated to be 0.400 eV by CASPT2 for C 6 H 5 S· which is 0.033 eV higher than the adiabatic energy gap, suggesting that the structural change of the aromatic ring moiety upon electronic excitation should be quite significant. Generally, it is found that SA-CASSCF (0.285 eV) and MRCI+Q (0.325 eV) predictions underestimate the adiabatic -energy gap whereas it is overestimated by a DFT value of 0.384 eV. Upon para-substitution of F and CH 3 on the aromatic ring moiety, the adiabatic -energy gap is calculated to be increased by 0.040 (323 cm ) eV, respectively, according to the CASPT2/aug-cc-pVTZ calculation. Similarly, calculations with other methods also predict the largerenergy gap for p-F-C 6 H 4 S· and p-CH 3 -C 6 H 4 S· compared to that of C 6 H 5 S·, Table 2 . SA-CASSCF (or MRCI+Q) gives 202 (282) or 177 (242) cm −1 for F and CH 3 substitution, respectively, for the increase of the -energy gap, which is smaller than that predicted by CASPT2. On the other hand, DFT gives 492 or 444 cm −1 upon F or CH 3 para-substitution, respectively. The increase in the adiabaticenergy gap upon para-substitution is predicted to be slightly larger for F compared to CH 3 from all of four calculation methods. This trend is somewhat less straightforward to understand as the CH 3 group is believed to be the stronger electron donor compared to F (vide infra). Though CASPT2 seems to be most consistent with the experiment for C 6 H 5 S·, it will be quite intriguing to investigate which method would be more appropriate for explaining the effect of parasubstitution as different quantum mechanical methods have their own advantages in different circumstances.
Qualitative description for the origin of the structural and energetic changes of thiophenoxyl radicals upon chemical substitution can be given based on the charge and spin den- Table 3 . Mulliken and NBO charge densities for the and state of substituted thiophenoxyl radicals obtained from DFT calculation at the aug-cc-pVTZ basis level. See Figure 1 for the representative atom labels Tables 3 and 4 . Absolute values are less reliable as those population analyses are not theoretically strict, and only qualitative trends should be taken to be meaningful. According to the Mulliken analysis by DFT/aug-cc-pVTZ, the partial charge on the sulfur atom decreases as F or CH 3 is being substituted on the para-position for the ground state. Even though NBO analysis gives the positive value for the charge density on sulfur, it also shows the decrease for the ground state thiophenoxyl radicals as electron donating groups are being substituted on the ring. This behavior is quite perceivable considering the Hammett-Brown polar substituent constant (σ p + ) 30 of F and CH 3 as the linear dependence is observed when the change of S charge density is plotted versus σ p + , Figure 2 . For excited states of thiophenoxyl radicals, however, the charge density on sulfur by Mulliken or NBO is decreased by the CH 3 substitution while it is slightly increased by the F substitution, suggesting that Table 4 . Mulliken and NBO spin densities for the and state of substituted thiophenoxyl radicals obtained from DFT calculation at the aug-cc-pVTZ basis level. See Figure 1 for the representative atom labels the electron-donating effect of F or CH 3 is not manifested for the excited state. The more consistent behavior could be found by the spin density calculations, Table 4 . The spin density is calculated to be localized on sulfur for both ground and excited states of all thiophenoxyl radicals studied in this work from both Mulliken and NBO analyses. Especially, for excited states, the spin density is found to be localized solely on sulfur, and it is little changed by the F or CH 3 para-substitution.
On the other hand, the S spin density of 0.798 (0.752) of C 6 H 5 S· decreases to 0.778 (0.741) and 0.779 (0.733), respectively, for p-F-C 6 H 4 S· and p-CH 3 -C 6 H 4 S· in the ground state according to Mulliken (NBO) analysis. The decrease of the S spin density with F or CH 3 substitution for the ground state of thiophenoxyl radical is quite similar, and this indeed correlates well with the behavior of the adiabaticenergy gap with chemical substitution, Figure 2 . That is, the spin density on sulfur becomes delocalized with F or CH 3 para-substitution by the same extent for the ground state of thiophenoxyl radicals, whereas it is little affected by the chemical substitution in the excited state. Therefore, the stabilization of the ground state through spin delocalization contributes to the increase of the adiabatic -energy gap with F or CH 3 substitution. The importance of spin delocalization in energetics of substituted phenoxyl radicals had been reported by Fehir et al., 31 and our findings here are quite consistent. Orbital shapes of singly-occupied molecular orbitals (SOMO) for ground and excited states of C 6 H 5 S·, p-F-C 6 H 4 S·, and p-CH 3 -C 6 H 4 S· radicals calculated by DFT or SA-CASSCF strongly suggest that SOMO is localized on sulfur in the excited state and both charge and spin densities are little affected by the F or CH 3 para-substitution, Figure 3 . Harmonic vibrational frequencies of ground and excited states of C 6 H 5 S·, p-F-C 6 H 4 S·, and p-CH 3 -C 6 H 4 S· radicals calculated by DFT-B3LYP/aug-ccpVTZ are given in Table 5 . A scale factor of 0.9687 was multiplied for all presented numbers, based on the comparison of the experimental and theoretical values for ground state of C 6 H 5 S·. 32 The zero-point energy differences between and states are calculated to be very small, giving 18, 34, and 30 cm -1 for C 6 H 5 S·, p-F-C 6 H 4 S·, and p-CH 3 -C 6 H 4 S· radicals, respectively.
Conclusion
We investigated here the chemical substitution effect on the energetics and structure of first electronically excited and ground states of thiophenoxyl radical. Para-substitution of F and CH 3 groups certainly increases the adiabaticenergy gap by 323 or 315 cm −1 , respectively, according to CASPT2 though other theoretical methods such as SA-CASSCF, MRCI+Q, or DFT give slightly different numbers. Our Mulliken or NBO analysis gives a hint that the spin density on sulfur, which becomes somewhat delocalized by the chemical substitution in the ground state, could be mainly responsible for the increase of the -energy gap as the spin density in the excited thiophenoxyl radical is solely localized on sulfur and little affected by para-substitution whatsoever. Geometrical and vibrational changes upon F or CH 3 para-substitution are less pronounced. Theoretical results presented here should be essential for the photodissociation studies of thiophenols or thioanisoles which are excellent chemical systems for interrogating conical intersection dynamics. Furthermore, because state of thiophenoxyl radical is quite unique in terms of energetics and spin property, it would be very exciting to used for the controlled generation of states of thiophenoxyl radicals for further exciting stereo-specific chemical reaction studies.
